Basophilic hepatic foci, nodules, and trabecular hepatocellular carcinomas, collectively referred to as focal hepatic lesions, were induced by single injections of 5.0 jig of diethylnitrosamine (DEN) per gram body weight in 15-day-old C57BL/6J x C3HeBIFeJ F, (B6C3 F,) mice. Groups of eight experimental and eight control mice were killed at 3 days and at 1, 2, 4, 10, 20, 28, 36 and 44 weeks after injection. The only observable acute hepatic toxic effect of DEN, a mild steatosis, was noted at 3 days, but this had disappeared by 7 days following injection. Basophilic foci, composed entirely of altered hepatocytes, were first noted, when very small, at 10 weeks. At later times, some of the foci also contained small collections of proliferated ductules, apparently a result of secondary ingrowth from nearby interlobular bile ducts. The hepatocytes within basophilic foci were characterized by their abundant cytoplasmic RNA, a high nuclear to cytoplasmic ratio (two times greater than normal), which gave them a "crowded appearance," and decreased glucose-6-phosphatase activity. During the course of the study, basophilic foci appeared to increase in size and number. Cytologic anaplasia also became more evident, ultimately culminating in the development of typical trabecular hepatocellular carcinomas by 44 weeks. Invasion of hepatic veins by basophilic foci, first noted at 10 weeks, was prominent by 20 weeks and indicated that many of the lesions manifested this characteristic of malignancy well in advance of the anaplastic features that are also diagnostic of hepatocellular carcinoma. The high growth rates of basophilic foci were confirmed by their greatly increased 3H-thymidine labeling indices, which were 20 times greater than background hepatocytes at 20 weeks following DEN injection. Tumor progression during the course of the study was also suggested by a doubling of labeling indices of hepatocytes in the basophilic foci between 20 to 28 weeks. (The term tumor progression is used in a broad biological sense to encompass any or all of the qualitative and quantitative changes describing the stepwise development of initiated cells to highly malignant neoplasms. This definition differs from the more clinical usage which restricts the process to qualitative changes during the late stages in the development of fully autonomous neoplasms.) An analysis of the number and size of transections through basophilic foci and in some cases, actual reconstructions of the foci from serial sections, indicated that, in aggregate, they grew exponentially between 10 to 36 weeks, with a volume doubling time of 2.5 weeks. The combined morphologic and kinetic data support the view that trabecular hepatocellular carcinomas develop from basophilic foci. Because of their ease of quantitation on conventional H&E stained sections, their rather uniformly spherical shapes, and the high proBability of their clonal origin, the induced focal hepatic lesions should provide a useful model for studying tumor growth kinetics during carcinogen- 
sors of the carcinomas and which changes are mere epiphenomena. In the rat liver, chemically induced hepatocellular carcinomas are invariably preceded by the development of hyperplastic hepatocellular islands and nodules (1) (2) (3) (4) (5) . On the basis of their often close physical association (6) (7) (8) , their similar histochemical features (1, 6, 9, 10) and similar growth kinetics (11) , it appears likely that a small number of hyperplastic lesions undergo tumor progression to hepatocellular carcinomas.
In contrast, tracing the histogenesis of mouse hepatocellular carcinomas has been considerably more problematic. In great part, this has resulted from the difficulty in obtaining general agreement among investigators on the minimal histologic characteristics of hepatocellular carcinomas in this species (12) . However, this aspect of the problem has now been resolved with the demonstration that single or only few injections of a broad range of carcinogens in infant mice induced a high incidence of metastasizing hepatocellular carcinomas with characteristic trabecular architecture (3, 4) . Accordingly, we now thought it timely to analyze the early stages in the development of mouse hepatocellular carcinomas by sacrificing animals at intervals after neonatal injection of a carcinogen, and then histologically and histochemically characterizing and measuring all focal hepatic alterations. Diethylnitrosamine was selected for injection, since single doses of this potent carcinogen induced up to 100% incidence of trabecular hepatocellular carcinomas after 50 to 90 weeks (15, 16) . Since the time of tumor initiation is precisely known and the duration between carcinogen treatment and development of carcinomas is apparently very long, then it might be possible to study the kinetics of carcinogen-induced hepatic preneoplastic and neoplastic growth in a similar manner as that reported for the mouse lung adenoma (17, 18) or rat colonic adenocarcinoma (19) . Furthermore, if easily quantifiable unequivocal premalignant or early-appearing malignant lesions were identified, then the infant mouse liver might also provide a model to rapidly assess and compare the potency of complete carcinogens as well as promoters and inhibitors of carcinogenesis.
Materials and Methods
Male B6C3 F, mice were injected IP with 30 HL of saline or with 5.0 ,ug of DEN/g body weight in the same volume of saline at 15 days of age. Groups of eight experimental and eight control mice were killed at 3 days and after 1, 2, 4, 10, 20, 28, 36 and 44 weeks following injection. The 6 PM and on at 6 AM) and were killed at 9 AM Sections of liver, measuring about 1 mm in thickness, were taken through the longest axis of each lobe, fixed in formalin for paraffin embedding and frozen for cryostat sectioning.
Paraffin sections cut at 5 Am and cryostat sections that were fixed in formalin were stained with hematoxylin and eosin and by the periodic acidSchiff staining procedure with and without prior incubation in diastase (20) . Tissue sections were also stained with toluidine blue, either with or without prior RNAase digestion, to evaluate their RNA content (20) . Cryostat sections were also stained for alkaline phosphatase (20) , ATPase (20) , glucose-6-phosphatase (21) , and y-glutamyl transpeptidase activities (10, 22) and for neutral lipids by staining with oil red 0 (20) .
For the present report, autoradiograms were prepared from paraffin sections of livers (23) from mice killed at 20, 28 and 36 weeks. Tritiated thymidine; (3H-Tdr) labeling indices were determined in focal hepatocellular lesions and in background hepatocytes. All labeled and unlabeled cells were counted at 100x after superimposing a 250 x 250
Mm grid over the observed field. For focal hepatocellular lesions having diameters measuring less than 700 ,m, labeling indices were based on study of all cells. However, to avoid counting cells that might have suffered ischemic injury, only cells at the peripheries of the lesions that were larger than 700 urm in diameter were evaluated. The nuclear to cytoplasmic ratios of hepatocytes in focal lesions, in nonneoplastic background liver and in control liver were measured by employing the point-counting technique of Chalkley (22) .
The areas of profiles of focal hepatic lesions and of liver sections were determined by projecting their magnified images, drawing their outlines on paper, and either weighing the properly calibrated cut out sections of integrating their areas by computer-assisted planimetry (23) . [A profile is defined as a projection of a three-dimensional object on a plane (3) .] Since most of the focal lesions appeared roughly circular in tissue sections, it was decided to assess the degree of sphericity in two blocks of liver from mice killed at 10 and 20 weeks. The exact volumes of 26 randomly selected basophilic foci were then determined from serial section reconstruction and compared to those areas of their largest cross-sectional (presumably equatorial) profiles. For this study and another one in which the total numbers of foci in measured volumes of liver were to be determined (see Results), approximately 200 sections, 5,m thick, were serially cut from 1 mm thick blocks of paraffin-embedded liver. The sections were then stained with hematoxylin and eosin, and the cross-sectional areas of tissue sections and profiles of focal lesions were determined. The volumes of the focal lesions were then determined by summing their volumes in the individual sections, and the volumes of liver were determined by interpolation after measuring the areas of every tenth section.
During the course of the study, it was discovered that flotation of paraffin-embedded tissue sections on the water bath resulted in a highly reproducible 20% increase in cross-sectional area of the liver tissue. This necessitated a proportionate reduction of all area measurements for accurate quantitation.
Results

Body and Liver Weights in Control and Experimental Animals
Major increases in body and liver weights in control and experimental animals occurred prior to the tenth week after injection. The mean body weights of both groups of animals increased to 25 g at 20 weeks after diethylnitrosamine and were essentially unchanged throughout the remainder of the study. In control animals, the mean liver weight had reached about 90% of its maximum by 10 weeks and it, too, remained quite constant at about 1.25 g at 20 weeks and later (Fig. 1) . The weights of the livers were similar in control and experimental animals until 28 weeks after carcinogen treatment. After that time, due to enlargement of neoplasms, the livers of carcinogen-treated mice underwent marked increases in weight. They were 26% heavier than controls by 36 weeks and twice the mean control weight by 44 fer in experimental and control sections. In this regard, glucose-6-phosphatase activity had a predominantly periportal distribution; ATPase activity was minimal and limited to canaliculi; alkaline phosphatase activity showed only minimal activity in canaliculi and plasma membranes bordering liver sinusoids; and y-glutamyl transpeptidase activity was not demonstrable in hepatocytes.
Hepatic Changes between 10 and 44 Weeks
Morpholgical Fealure& Distinctive collections of cells, referred to as basophilic hepatic foci and nodules, were the only alterations in addition to late-appearing (44 weeks) trabecular hepatocellular carcinomas that were identified in the livers of mice killed during this period. At 10 weeks after injection, the foci were infrequent, very small, and composed entirely of basophilic hepatocytes (Fig. 2) . However, after that time focal hepatic lesions were more numerous and showed a progressive increase in size (Figs. 3-6). On randomly cut sections, the vast majority of these also contained only hepatocytes. However, when cut serially, some of the larger foci contained relatively small well-151 0 0 FIGURE 2. Tiny basophilic hepatic focus adjacent to a ter-FIGURE 3. A tiny basophilic hepatic focus containing cells minal hepatic vein. The high nuclear to cytoplasmic ratio with relatively large nuclei. The high nuclear to cytoplasresults in a "crowded" appearance. The mouse was killed mic ratio is still apparent. The mouse was killed 20 weeks 10 weeks after injection of diethylnitrosamine. H&E. x after diethylnitrosamine injection. H&E. x 380. 380. delineated aggregates of proliferated bile ductulesin addition to the hepatocytes (Figs. 4 and 5). Invariably, these clusters of proliferated ductules were found connected to interlobular bile ducts which entered the foci in association with "feeding" portal vein branches at their peripheries (Figs. 4 and 5) . In addition to their basophilia, the hepatocytes within the foci showed a characteristic "crowding" of cells which resulted from their high nuclear to cytoplasmic ratios (Figs. 2 and 3) and from their growing in sheets. The latter change has been attributed to a collapse of the sinusoids (24) .
Although most of the hepatocytes were smaller than normal (Fig. 3) , some appeared enlarged (Fig.   2 ). In either case, however, the high nuclear to cytoplasmic ratio was evident.
The outlines of the foci profiles appeared to vary with their sizes. The smallest profiles were sometimes irregular with oval or even triangular shapes, while the remainder, particularly the largest ones, were almost circular (Figs. 3, 5 and 6). Because of the "crowding" of cells with basophilic foci, it was often difficult to determine the thickness of hepatic plates. When discernible, however, they were predominently one to two cells in thickness (Fig. 7) . Infiltration into small hepatic veins was a prominent characteristic of the basophilic foci (Fig. 8) . Although rarely present in foci from mice sacrificed at ten weeks, it was very common at 20 weeks and later. In fact, in one serially sectioned block of liver from a 20 week mouse, nine of 45 identified foci were found to infiltrate the hepatic veins. In contrast, portal veins were not invaded. The preferential invasion of hepatic veins was of particular interest, since smaller foci often seemed to be located closer to the terminal hepatic veins than to the portal vein branches (Fig. 2) .
A few grossly visible nodules, with the histologic features of foci and measuring up to 2 mm in diameter, were first noted in mice sacrificed at 36 weeks after injection. By 44 weeks, these had become more frequent, showing further enlargement, and in H&E. x 380. The mouse was killed 28 weeks after diethylnitrosamine injection. H&E. x 195. a few instances, manifested more marked cytologic atypia and further thickening of hepatic plates (four to five cells) characteristic of trabecular hepatocellular carcinomas (Fig. 9 ). Mitoses were not identified in any of the basophilic foci from mice sacrificed up to 20 weeks, but they were abundant within some basophilic foci and all trabecular hepatocellular carcinomas after that time (Fig. 10) .
Hepatocytes within foci from mice killed at 10 and 20 weeks appeared quite homogeneous, despite some variation in nuclear and cell sizes. Beginning at 28 weeks, however, and also noted at later times, there was often a distinctive zonal heterogeneity within the larger focal hepatic lesions (Fig. 6) . While the cells in the peripheries of the focal lesions continued to show a characteristic cytoplasmic basophilia and high nuclear to cytoplasmic ratio, those located in the deeper regions often appeared eosinophilic or hydropic, and, at times, even contained neutral lipid and showed frank necrosis. These changes were particularly prominent in the more anaplastic trabecular carcinomas.
Histochemical Features of Hepatocytes in Basophilic Foci. The cytoplasmic basophilia in the foci resulted from accumulation of RNA, since it was totally eradicated by incubation with RNAase prior to staining with toluidine blue. An additional histochemical alteration, seen in all basophilic foci, was a deficiency of glucose-6-phosphatase (Figs. 11  and 12 ). The regularity of this enzymatic change deserves particular emphasis. Without exception, every one of 100 cryostat-cut basophilic foci from mice sacrificed at 10 and 20 weeks after carcinogen injection showed marked or complete loss of cytoplasmic glucose-6-phosphatase activity. The distributions of other enzyme histochemical activities, including ATPase, alkaline phsophatase and y-glutamyl transpeptidase were no different from those in the controls. Just as the earlier times, glycogen was absent from the foci and from the surrounding hepatocytes. diethylnitrosamine 10 or 20 weeks earlier, were consistently and significantly increased when this parameter was compared to adjacent background hepatocytes or to hepatocytes from control livers (Table 1) . At each sacrifice time, the ratios were about two times higher in the foci than in the comparable control tissue.
Shape of Basophilic Foci. A particularly good correlation (r = 0.99) was demonstrated between the maximal cross-sectional areas of foci, presumed to be through their equatorial planes, and the volumes of the foci (Fig. 13) . Since the line depicting this experimentally derived relationship was very close to and almost parallel to the line showing the correlation between spheres and their largest cross sectional areas, it appeared reasonable to conclude that most foci had almost spherical shapes.
Quanditation of Size, Number, and Volumes of the Basophilic Hepatic Foci. In order to compare the number and sizes of basophilic hepatic foci at different sacrifice times, serially sectioned blocks of liver from several mice were compared. For this study it was sufficient to identify and determine the largest cross sectional area of the foci, since this parameter provides a close approximation of the foci volumes. This was accomplished by first identifying all foci and then for each, determining the five or six largest cross sectional areas planimetrically. The single largest transection was then readily selected. Data for two of the livers, one at 20 weeks and one at 28 weeks post-carcinogen injection, are indicated in Figure 14 and Table 2 . As noted, the two mice, selected for comparison, had almost identical total numbers of foci, but the 28 week mouse liver had three times more foci (12% of the total) in the four largest size classes than the 20 week mouse liver (4% of the total). This small increase in the absolute number of larger foci resulted in a very great increase (7-fold) in the aggregate volume of all the foci. The effect of these larger foci on the total number of transections is also apparent in Figure 14 .
Clearly, the larger foci generated more profiles in the tissue sections. Thus, despite a similar number of foci, the liver from the 28 week old mouse contained almost twice as many profiles as that from the 20 week mouse. These examples were useful for interpreting the profile data from the livers of groups of animals sacrificed at each of four time points ( Fig. 15 and Table 3 ). Because of the almost 10-fold increase in the number of profiles between 10 and 36 weeks, it appears very likely, although not proven, that the absolute number of foci increased during this interval. The evidence for progressive enlargement of the foci is more impressive, since the number of profiles in the largest size class (64,000 Mm2) showed significant increases with time.
The effect of the progressively increasing number of large foci on the total volume of the tumors may be deduced from Figure 15 , which depicts an exponential increase with time in the fraction: profile areas/sections areas. Since the liver weights showed only slight increase after 10 weeks, and since the ratios between areas are proportional to the ratios between volumes (26), it follows that, in aggregate, the foci volumes also showed exponential increases during the interval under study.
Labeling Indikes of Foci As a further measure of growth rate, the 3H-Tdr labeling indices were determined for most of the foci at 20 weeks, and for a comparable number of randomly selected foci at 20 and 36 weeks after diethylnitrosamine injection. The cumulative data (Table 4 ) demonstrated a 10-to 80-fold increase in mean labeling indices in the foci when compared to normal-appearing (background) areas within the experimental livers. The mean labeling index was 1.6% after 20 weeks, and underwent a further increase to 3.7% at 28 weeks. The labeling indices remained at this high rate (3.2%) in mice sacrificed at 36 weeks after injection.
The increase in labeled cells was not restricted to foci from particular livers since it was documented, to a similar degree, in foci from all livers. The presence of mitoses in some of the foci in mice killed after 20 weeks appeared to correlate with the increase in the mean labeling index that occurred at that time.
Discussion
This report documents the early homogeneous appearance and progressive changes in foci of hepatocytes that appeared after a single injection of di- ethylnitrosamine in infant mice. The smallest foci, first noted at 10 weeks following carcinogen treatment, were composed of hepatocytes showing high nuclear to cytoplasmic ratios, diminished or absent glucose-6phosphatase activity, and increased cytoplasmic RNA. In many organs, an increase in nuclear to cytoplasmic ratio is generally considered a feature of premalignant and malignant cells (25) , and in rat liver, the focal loss of glucose-6-phosphatase activity characterizes a subset of putative premalignant hepatocellular islands (1, 8, 9) . The malignant and premalignant character of the early foci is also supported by the finding that some of them were found to invade terminal hepatic veins as early as ten weeks following injection of diethylnitrosamine. Indeed, the early invasive character of the foci appears to correlate quite well with the late appearance, in high incidence, of pulmonary metastases (15, 16) .
After 10 weeks, the focal lesions enlarged, became more anaplastic, and further increased their already high thymidine labeling indices. Since tumor progression is accompanied by a process of selection in which the most rapidly replicating or longer lived cells tend to overcrowd the remaining cells, one might expect to see a progressive increase with time in the growth rates of tumors (26) . However, one note of caution should be sounded. Since we did not correlate labeling indices with sizes of foci, we cannot exclude the possibility that the indices are related more to the number of cells in foci than to the duration following carcinogen treatment. Despite this limitation, the temporal evidence for tumor progression is compelling, and it appears that the uniform early basophilic foci developed into trabecular hepatocellular carcinomas by a stepwise or sequential process similar to that suggested for diverse neoplasms (27) .
During the course of this study, the aggregate volume of the focal lesions increased exponentially in a fashion that suggests the early growth phase of autonomous neoplasms (28) . Of course, the observed aggregate tumor doubling time of 2.5 weeks is only an average of the growth rates of all the focal le- FIGURE 12. Section as in Fig. 11 stained for glucose-6-phosphatase activity. The focus is almost devoid of enzyme activity. sions. In fact, the effect of only a few large foci was evident in the serial section study of two livers from mice killed at 20 and 28 weeks. In both cases, the foci were spread through a very broad range of sizes, and only about 10 to 15% of them accounted for approximately 90% of the tumor volume. The two mice had almost identical numbers of foci, but a small fraction of the total were considerably larger in the older mouse. This resulted in a 7-fold greater aggregate tumor volume and clearly indicates that future kinetic analyses will require accurate assessment of the size distributions of foci. In our most recent study, we have determined that at 10 weeks, the five largest foci contained an average of about 1000 cells each (H. Koen, S. Goldfarb (5, 29) and "best-curve-fits" (30) have been applied to an analysis of random transections of hepatocellular foci and other three-dimensional structures in order to determine the approximate number of these objects in a tissue or organ. However, accurate estimation necessitates large numbers of transections and mathematically defineable shapes of the objects (30, 31) . Until now, the degree of uniformity of the three-dimensional shapes of preneoplastic or neoplastic foci had not been assessed in any model for hepatocarci- Table 2 . Fig. 14. nogenesis. This could be a significant oversight for studies conducted in the rat since the putatiVe preneoplastic foci, even late in the course of carcinogenesis, sometimes showed quite irregular shapes (8) . In addition, in some studies, the macroscopic nodules, presumably derived from islands, were reported to undergo regression or remodeling after discontinuation of the carcinogen (9, 32, 33) . Ogawa et al. (30) have clearly detailed the remodeling phenomenon which may result in at least some "islands" being derived from nodules; it could also account, in 20 (36) . Also, in one report, they were (37) . Thus, for the present, we suggest that carcinogen-induced premalignant foci could have either type of staining characteristic. Perhaps the difference in staining between the early foci relates more to the duration of carcinogen treatment, since the eosinophilic staining quality is often a consequence of adaptive hyperplasia of the endoplasmic reticulum, in response to chronic exposure to a toxic substance (12) . One additional histologic features warrants comment. We found small clusters of bile ductules within some basophilic hepatic foci during the late course of carcinogenesis. Similar clusters, referred to as oval cells, have been identified in hepatic neoplasms induced by an organic phosphorous insecticide (38) . The possibility that these lesions are precursors of the basophilic hepatic foci must therefore be considered (39) . However, bile ductules were not found in the earliest foci, and even when present in the larger foci, they invariably connected to peripheral bile ducts. Consequently, we believe that proliferation of bile ductules is probably of no histogenetic significance but that it reflects a secondary response to enlarging focal hepatocellular lesions.
After this manuscript was completed and our own results had already been reported (40, 41) , a paper was published that independently confirmed several of our own findings (42) . Moore et al. found that when B6C3 F1 and CD-1 mice were injected at birth with a dose of diethylnitrosamine that was four times greater than the one we used, they too induced basophilic hepatocellular foci that were deficient in glucose-6-phosphatase activity. Again, as in our study, these investigators reported a progressive increase with time in the size of the focal lesions.
